INTRODUCTION
Radiation injury is not the only harmful process to consider when modeling a nuclear disaster. Blast injury, blunt trauma and thermal burns have all been observed contribute to morbidity and mortality (1) . Typically, these injuries do not occur individually. For example, in past nuclear disasters, such as Hiroshima, Nagasaki and Chernobyl, 60-70% of the radiation-exposed population received a secondary traumatic injury, the most common being thermal burn injury (2) . The biology of each injury alone is relatively well understood; however, when these injuries occur in combination, the resulting pathology can be significantly worse. This phenomenon has been termed by some as a ''combined injury syndrome'' and greatly complicates the pathophysiological mechanism of injury (3) . Exploration of synergism between injuries has been conducted in terms of overall survival (4, 5) , but data are lacking on how combined injuries affect the central nervous system (CNS) in terms of both pathology and long-term cognitive function.
In the CNS, high doses of radiation have been shown to result in a disruption of the blood brain barrier and activation of glial cells, inducing neuroinflammation (6) . However, in a disaster scenario, the majority of survivors will be exposed to relatively low doses of radiation (7), which are not typically associated with inducing observable neuroinflammation (6) . Nonetheless, of potential concern is radiation-associated impairment in learning and memory that is observed in the clinical setting, after individuals receive whole brain radiation therapy (8) . Decreased cognitive functions have also been suggested as a risk within the low dose space environment (9) . These concerns are carried over to nuclear disaster scenarios such as at Chernobyl where those tasked with cleaning up in the aftermath of the disaster performed worse in neurocognitive assessments than those who were not exposed to high radiation levels (10) .
Although not commonly associated with affecting the CNS, cognitive alterations have been reported after burn injury (11) . Moreover, severe burns compromise the blood brain barrier (12) while less severe, nonlethal burns can alter brain glucose metabolism (13) . Burn injury is thought to exert its harmful effect through the robust release of inflammatory agents, such as cytokines and damage associated molecular patterns (DAMPs) from the damaged tissue (14) . These released factors can trigger intense systemic inflammation, a condition associated with multiorgan dysfunction syndrome and death (15, 16) . We have hypothesized that burn-associated systemic inflammation has the potential to synergize with radiation-induced damage such that low, nonlethal levels of each injury results in enhanced damage compared to either injury alone. In the current study, we demonstrate that a nonlethal 10% total-body surface area (TBSA) thermal burn combined with 5 Gy whole-body c irradiation leads to enhanced acute systemic and CNS inflammation. In addition, we found that combined injury results in impaired neurogenesis and long-term cognitive dysfunction.
MATERIALS AND METHODS

Animals
Female C57BL/6J mice (n ¼ 128) were purchased from the Jackson Laboratory (Bar Harbor, ME) at 10 weeks of age. The early time points of 6 h and 1 week included six animals per treatment condition. To ensure we had the proper numbers of mice for behavior testing, the 6 month time point included 20 animals per condition. Mice were housed 3-5 per cage in temperature controlled (23 6 38C) rooms, with 12-h light/dark cycle and free access to chow and water. Animals were allowed to acclimate for at least 7 days prior to experiments. Animal protocols were reviewed and approved by the University of Rochester Institutional Animal Care and Use Committee.
Combined Radiation-Burn Injury
Our combined injury protocol was based on procedures developed by Kovacs et al. (17) . Animals were anesthetized intraperitoneally with ketamine (72 mg/kg) and xylazine (5.6 mg/ kg) in sterile saline and pretreated subcutaneously with buprenorphine (0.3 mg/kg). Their dorsal surfaces were shaved and any remaining hair was removed with medical depilatory (Nair, Princeton, NJ). Mice were placed on a 137 Cs irradiator (J. L. Shepherd & Associates, San Fernando, CA) and exposed to a single dose of 5 Gy. Immediately after irradiation, mice were placed in an enclosed plastic carrier with an opening that exposed 10% of their dorsal surface. Body surface area was determined based on the calculations previously described (18) . To reproducibly burn 10% of the dorsal surface, four different carriers were constructed to account for variation in mouse size and weight. Full thickness burn injury was induced by immersing the plastic carrier in a 908C water bath for 8 s. On the dorsal surface, only areas below the neck and above the hind limbs were exposed to the heated water. Special attention was given to make sure no other areas were exposed. In particular, limbs and the tail were kept inside the carrier to avoid burn injury. A depiction of the approximate area burned is shown in Fig. 1 . Animals were removed immediately from the carrier, dried off and injected with 1 ml of lactated Ringer's solution to compensate for any fluid loss.
Tissue and Plasma Collection
Mice were euthanized at 6 h, 1 week or 6 months post-injury. Twenty-four hours prior to euthanasia of the 6 month time point, mice were injected intraperitoneally with 150 mg/kg of BrdU (Sigma-Aldrich, St. Louis, MO). At each time point, animals were fully anesthetized, followed by opening of the thoracic cavity to expose the heart. Using a 27 gauge preheparinized needle, 200-500 ll of blood was drawn from the right ventricle. Blood was subjected to centrifugation at 500g at 48C for 5 min. Plasma was separated and frozen at À808C for ELISA. After plasma collection, the mice were perfused with saline as previously described (19) . The brains were removed and hemisected: one hemisphere was flash frozen in À708C isopentane for qRT-PCR while the other half was fixed in 4% paraformaldehyde at 48C overnight and then transferred to 30% sucrose solution overnight or until equilibrated. Upon equilibration, brains were flash frozen in À708C isopentane and stored at À808C.
Plasma Cytokine ELISA
Cytokine analysis was performed using IL-6 (KMC0062) and TNF-a (KMC3011) mouse ELISA kits from Invitrogen (Carlsbad, CA). The procedure was conducted according to the manufacturer's protocol. Briefly, 100 ll of plasma was diluted with 100 ll of diluent buffer, added into the provided ELISA plate and incubated for 2 h. A biotinylated antibody conjugate to IL-6 or TNF-a was then added for 30 min. After washing, bound antibody was visualized by a Streptavidin-HRP incubation and reaction. For analysis and calculation of total cytokine levels, an iMark Microplate Absorbance Reader (Bio-Rad, Hercules, CA) was used to measure optical density at 450 nm.
Immunohistochemistry/Immunofluorescence
Brains were sectioned at 30 lm on a sliding microtome with a À258C stage and stored in cryoprotectant at À208C. Antibody staining FIG. 1. Depiction of approximate mouse body area exposed for 10% thermal injury. Boxed area represents the approximate area exposed to heated water during thermal injury. Great care was taken to not expose the neck, limbs or tail.
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was visualized using biotinylated secondary antibodies, avidin-biotin complex (ABC), and a 3,3 diaminobenzadine (DAB) substrate kit (Vector Laboratories, Burlingame, CA) or, immunofluorescent secondary antibodies bound to Alexa fluorophores 488 or 594 (Invitrogen) at a dilution of 1:500. Primary antibodies used include Armenian Hamster anti-ICAM-1 (1:5,000, Serotec, Kidlington, UK), Rabbit anti-Iba-1 (1:2,000, Wako, Richmond, VA), Rat anti-CD68 (1:2,000, AbD Serotec), Rat anti-CD3 (1:2,000, AbD Serotec), Armenian Hamster anti-CD11c (BD Biosciences, San Jose, CA, 1:500), Rat anti-7/4 (1:3,000, AbD Serotec), Rat anti-MHCII (1:2,000, BD Biosciences), Rat anti-BrdU (1:300, Abcam, Cambridge, UK), and Goat anti-Doublecortin (1:1,000, Santa Cruz Biotechnology, Dallas, TX).
Quantification of Immunohistochemistry
Brain sections were viewed with an Axioplan 2 light microscope (Zeiss, Germany). ICAM-1 and CD68 area was measured at 203 magnification. For ICAM-1, three hippocampal sections per brain were used and multiple images of the cortex were merged together using Adobe Photoshop CS4. For CD68, two 203 fields per hippocampal section for three different hippocampal slices were used, totaling 6 fields per animal. The images were then subjected to the maximum entropy threshold algorithm in NIH ImageJ (V1.46, http:// rsbweb.nih.gov/ij). The percentage of area occupied by ICAM-1 or CD68 was calculated and analyzed. Individual Iba1 cell morphology was visualized using a 633 oil immersion lens. The number of doublecortin positive (DCXþ) cells was determined by counting and averaging the total number of DCXþ neurons in the dentate gyrus in 4 sections per animal. The average number of DCXþ cells was then standardized to the average area of dentate gyrus to control for overall area differences. BrdU analysis was performed by counting total BrdUþ cells that lay directly in the dentate gyrus. Six to seven total hippocampal sections per animal were used, and the average number per section was calculated.
Quantitative Real Time Polymerase Chain Reaction
RNA was isolated from flash frozen half brains using TRIzol (Invitrogen) and an Omni International TH tissue homogenizer according to the manufacturer's protocol. cDNA was prepared using 1 lg of RNA, oligo (dT) and random hexamer primers, and SuperScript III (Invitrogen). qRT-PCR for TNF-a and CCL2 was conducted using predesigned primer/probe sets (Applied Biosystems, Carlsbad, CA). For 18S and ICAM-1, Taqman probe/primer sets constructed with FAM as the fluorescent marker and Blackhole I quencher (Biosearch Technologies, Navato, CA) were used as follows: from 5 0 to 3 0 18S, forward primer (F), cct gga tac cgc agc tag gaa, reverse primer (R), act aag aac ggc cat gca cca, and probe (P), cgg cgg cgt tat tcc cat gac c; ICAM1, F, acc atc cca aag ctc gac ac, R, aag aac cac ctt cga ccc act, P, cac tga atg cca gct cgg agg atc ac. Standard curves were generated using serial diluted samples over at least 5 orders of magnitude. PCR reactions were performed using iQsupermix (Bio-Rad) and 1 ll of cDNA. PCR conditions were as follows: denaturation at 958C for 3 min, followed by 50 cycles of amplification by denaturing at 958C for 30 s, annealing at 608C for 30 s and extension at 728C for 30 s. To determine relative differences in mRNA, reaction efficiency (E) was calculated from a standard curve and cycle threshold (Ct) values were transformed using the equation
Ct . For normalization, 18S ribosomal RNA was used as the housekeeping gene.
Behavioral Testing
Novel object recognition was used to measure possible effects on memory in mice 6 months after injury. The test was performed and scored as previously described (20) . The learning trial time was 10 min and the testing trial time was 5 min. There was a 1-h delay between each trial. In the testing trial, a recognition index (RI) was calculated based on the proportion of time spent with the novel object compared to total time spent with both objects. 
Statistics
For statistical analysis, the 6 h, 1 week and 6 month time points were analyzed separately. The only comparison across multiple time points occurred in the controls for CD68 staining to identify an age related increase of baseline. Baselines for all other experiments remained consistent at all time points. To compare the differences between injuries at a single time point a one-way ANOVA was used with a Bonferroni post-test. Only for the ELISA measurements, a Kruskal-Wallis test was used. Statistical computation and graph creation was performed in Graphpad Prism v6 (Graphpad Software, San Diego, CA).
RESULTS
Thermal Injury and Whole-Body Irradiation Result in Systemic Inflammation
The known association between systemic burn-induced inflammation and CNS effects prompted us to first test whether the systemic inflammatory response was enhanced after combined injury. Plasma was isolated at various time points and ELISA was used to measure inflammatory cytokine levels. Analysis of IL-6, which has been implicated in the clinic as a predictor of survival after both burn and traumatic injury (21), revealed significant elevation at 6 h that was limited to plasma from mice with combined injury [ Fig. 2A ; 1,980 6 1,269 vs. 0 6 0 pg/mL in control mice; mean 6 SD, (H ¼ 16.21, 3 df, P ¼ 0.001)]. The burn and radiation individual injuries did show some elevation of IL-6; however, the variability was too large to achieve statistical significance. At 1 week, IL-6 levels were reduced, but levels in the combined injury group remained significantly elevated compared to the control mice and the 5 Gy irradiated mice [ Fig. 2A ; 7.17 6 4.74 vs. 0 6 0 and 0 6 0 pg/mL, respectively, mean 6 SD, (H ¼ 14.93, 3 df, P ¼ 0.0039)]. Six months after injury, both the individual burn and the combined injury group had significantly elevated IL-6 levels of 40.2 6 25.8 and 50.4 6 37.1 pg/mL, respectively, vs. 2.1 6 4.5 pg/ml in control mice [mean 6 SD (H ¼ 14.93, 3 df, P ¼ 0.0019)]. TNF-a levels did not show significant elevation at any of the selected time points (Fig. 2B) . Results were analyzed with a one-way ANOVA and a Bonferroni post-test. Data is displayed as mean 6 SD, n ¼ 5-10. *Denotes comparison to control and #denotes comparison to combined injury. *P , 0.05, **P , 0.01, ***P , 0.001, ****P , 0.0001, #P , 0.05.
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Injury Leads to Vascular Activation
The vascular endothelium that comprises the blood brain barrier serves to separate the CNS from the periphery. Therefore, brain vasculature sits at a position where it can be affected by both CNS and systemic factors so that neurovascular changes act as a nonspecific indicator of inflammation. Figure 3A shows increases in ICAM-1, a marker of endothelial activation, in the CNS after injury. Using analysis of percentage area covered, we found elevated ICAM-1 staining at 6 h in all three injuries as judged by one-way ANOVA [F(3,20) ¼ 14.72, P , 0.0001] (Fig. 3B) . Interestingly, at 1 week, irradiation plus burn injury showed greater ICAM-1 activation relative to either injury alone [F(3,19) ¼ 14.15, P , 0.0001] (Fig. 3B) . Six months after injury, ICAM-1 staining in both the burn and combined injury condition was still significantly elevated [F(3,35) ¼ 33.61, P , 0.0001)] (Fig. 3B) . However the level of staining was not different between the two conditions, suggesting that the long-term effect on ICAM-1 staining was driven mostly by burn injury.
The change in vasculature prompted us to look for infiltration of peripheral immune cells. For the most part, using immunofluorescent analysis, we did not detect any evidence of immune cell infiltration, including CD4þ T cell, CD11c þ dendritic cells, or MHCII þ peripheral macrophage after injury (data not shown). However, we did observe a modest increase in 7/4þ neutrophils 6 h after burn injury. Counts of total neutrophils in 6-7 sections per animal revealed a significant increase of 5 6 3.6 to 22.7 6 5.5 or 31.83 6 12 in the burn and combined injury, respectively, as assessed by a one-way ANOVA [total count 6 SD (F(3,20) ¼ 20.42, P , 0.0001)]. There was no elevation in infiltrating neutrophils with 5 Gy irradiation alone at this time point and no evidence of increased neutrophils at later time points under any condition. 
Combined Injury Synergistically Enhances Acute Neuroinflammation
To address whether changes in ICAM-1 staining were associated with evidence of neuroinflammation, we first examined morphology of microglia. In combined injury, at 6 h we observed that many of the microglia had undergone a morphological shift from ramified to a more condensed, activated shape that was not observed with radiation or burn injury alone (Fig. 4A, insets) . This type of morphological shift has been associated with glial activation (22) . In addition to examining morphology, we used CD68, a lysosomal marker upregulated in activated microglia. The extent or area of CD68 upregulation has been used to quantify levels of neuroinflammation (23, 24) . At 6 h, we observed significantly more CD68 staining in the combined injury group by one-way ANOVA [F(3,20) ¼ 5.440, P ¼ 0.0067] (Fig. 4B) . Increased CD68 staining was also observed with combined injury at 1 week [F(3,19) ¼ 13.44, P , 0.0001]. Six months after injury, we found an elevation in baseline CD68 staining [F(2,19) ¼ 72.69, P , 0.0001], which is consistent with reports suggesting agerelated increases in microglial activation (25) . However, we still observed elevated CD68 staining when comparing the combined injury to the control and burn injury [F(3,35) ¼ 8.93, P ¼ 0.0002] (Fig. 4B) . . Panel C: Novel object recognition test using the recognition index (RI) generated for time spent with the novel object. Dashed line indicates no object preference. Each dot represents a single animal. Data was analyzed with a one-way ANOVA and a Bonferroni post-test. Data displayed as mean 6 SD, n ¼ 5-10 animal per time point. *P , 0.05, ***P , 0.001, ****P , 0.0001.
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To further explore potential synergistic elevations in neuroinflammation, we measured brain mRNA levels of the proinflammatory cytokine TNF-a, which has been associated with neuroinflammation and neurodegenerative diseases (26) . At 6 h, we found a significant elevation of TNF-a mRNA in the combined injury when compared to individual injuries by one-way ANOVA [F(3,18) ¼ 17.08, P , 0.0001] (Fig. 4C) . TNF-a levels change significantly at 1 week (Fig. 3C) [F(3,18) ¼ 3.238, P ¼ 0.046]; however, post hoc analysis did not reveal significant differences between conditions and we did not detect any changes in brain TNFa mRNA at 6 months.
Thermal Burn and Radiation Injury Result in Impairments in Neurogenesis and Lead to Long-Term Cognitive Dysfunction
Neuroinflammation has been previously shown to alter neurogenesis (27) and impair cognition (28) . Using doublecortin (DCX) labeling to identify newly born hippocampal neurons (29), we observed that all three injury groups had significantly reduced numbers of DCX þ cells in the dentate gyrus at 6 months post-injury by one-way ANOVA [F(3,35) ¼ 58.37, P , 0.0001] (Fig. 5A and B) . Similar results were seen when counting BrdUþ cells in the dentate gyrus. Control animals had significantly more BrdUþ cells compared to 5 Gy irradiation, 10% burn, or combined injury (2.7 6 0.60 vs. 1.1 6 0.47, 1.8 6 1.15, or 0.52 6 0.27, respectively, mean 6 SD) [F(3,35) ¼ 17.52, P , 0.0001)]. To measure long-term changes in learning and memory, a novel object recognition test was employed at this time point. The single burn and radiation injury alone conditions appeared to trend towards a significant decrease compared to the control, however, their mean values never dropped to 50% (Fig. 5C, denoted by the dashed line) . Only the combined injury showed significantly worse scores [F(3,33) ¼ 2.979, P ¼ 0.0455].
DISCUSSION
In earlier reports, we have shown that head-only doses of c radiation greater than 15 Gy are required to induce overt neuroinflammation (6) . However, for whole-body exposures occurring as part of a disaster scenario, the majority of survivors of a nuclear incident will be exposed to significantly lower, sub-lethal levels of radiation (30) . Since secondary injuries are common in a disaster scenario (2) and when combined with radiation have been shown to result in significantly worse pathology (5) . Our aim in this study was to identify evidence for increased neuroinflammation or long-term cognitive impairments that could be manifested after a combined injury of irradiation and thermal burn. Our finding support the contention that multiple injuries can have compounding effects, resulting in worse outcomes than from each injury alone.
The damage induced by burn injury alone is an important factor when considering possible mechanisms by which thermal burn might synergize with radiation-induced injury. In particular, we observed acute elevation of IL-6 expression levels, which is consistent with other reports using this model (17) and which has been reported after irradiation alone (31) . Previous studies have shown similar effects of combined injury on other markers of systemic inflammation, including TNF-a. However, other investigators have shown that TNF-a plasma levels peak at about 90 min post-injury (32) and since our earliest time point was 6 h, we may have missed changes in the level of this cytokine. Other inflammatory factors which have been shown to be upregulated after injury include HMGB1, IL-18, IL-12 and IL-17 (33) (34) (35) (36) . Like IL-6, any of these factors could be further induced with combined injury. The observed increase in systemic inflammation is very relevant to cognition since peripheral inflammation can lead to shortterm, acute behavioral alterations such as sickness behavior (37) , as well as long-term cognitive deficits (38, 39) . Importantly, many of these studies were carried out in males (17, 32, 36, 41) . We used female mice in our experiments and it has been shown that female mice have a less severe response after burn injury compared to males (40) . This suggests that the changes we observed could be under representative of the population as a whole. Additional studies with male mice might demonstrate a greater burninduced CNS effect.
Although radiation or burn injury alone can lead to neuroinflammation, the dose or extent of injury required is typically greater than those used in this study (6, 12) . As illustrated in Fig. 3 , neither 5 Gy irradiation or 10% thermal burn alone did not result in pronounced neuroinflammation. However, when they occurred in combination, there was a clear increase in glial activation ( Fig. 4A and B) and CNS inflammatory cytokine production (Fig. 4C) . ICAM-1 expression was also higher when the two injuries occurred together (Fig. 3B) . The pathophysiological mechanism of this synergistic elevation is not fully understood, but presumably the systemic inflammation induced by burn injury was enhanced by radiation. Our data do not support an alternate hypothesis that neuroinflammation is dependent upon peripheral cell infiltration. In particular, we did not observe increased numbers of T cells, dendritic cells or macrophages, and the small increase in neutrophils observed at 6 h is not likely to be biologically relevant at the later time points. It is possible that cell infiltration might occur at other time points, but our previous studies of neuroinflammation after irradiation do not reveal clear evidence of peripheral cell infiltration until one month after injury and with doses of 15 Gy and higher (6) .
Even though the mechanism is not clear, neuroinflammation does have links to learning and memory impairments (28) and inhibition of hippocampal neurogenesis (27) . In the current study, we found that all injuries led to reductions in hippocampal neurogenesis, as measured by DCX labeling at 404 6 months. Interestingly, this is one of the first reports to show that burn injury can directly inhibit neurogenesis. This reduction is not surprising given that other systemic inflammatory insults have been reported to induce similar effects (42) . Furthermore, systemic factors contribute to reduced neurogenesis associated with aging (43) .
To determine if decreased neurogenesis during injury might be associated with cognitive impairment, we used a novel object recognition test. To measure hippocampal dependent memory, we chose to use a delay time of 1 h between the training and trial phase. Using novel object recognition with this time delay has been shown to test mainly the hippocampus, contrary to shorter delays, such as 15 min, which depends on other brain regions (44, 45) . Interestingly, only combined injury caused significant reduction in the ability of mice to perform this task. There was a trend for decreased performance with each individual injury ( Fig 5C) ; however, these data were not significant by post hoc analysis. One challenge of the novel object recognition task is the relatively modest difference between successful retention of object recognition and loss of object recognition. It is therefore possible that deficits may have become more apparent with each individual injury if testing had been delayed to a later point after injury. Indeed, in other experiments using doses as low as 3 Gy whole-body irradiation, we have observed reduced performance in novel object recognition 12 months after injury (data not shown). The observation of reduced cognitive performance with combined injury at this earlier time point (6 months) is therefore consistent with burn injury lowering the threshold for radiation to cause cognitive changes.
In conclusion, we have shown that a 10% TSBA thermal burn and 5 Gy c irradiation separately do not induce significant neuroinflammation. However, when these injuries occur in combination, there is an increase in acute systemic inflammation as well as CNS inflammation. This synergistic effect also extends to long-term deficits in novel object recognition. The increased inflammation and its known association with cognitive dysfunction (28) suggest potential therapeutic approaches to mitigate such impairments. In particular, in the early aftermath of radiation exposure where there is significant inflammation, the use of anti-inflammatory or anti-immune activation drugs could be a promising treatment strategy. Candidate anti-inflammatory drugs such as minocycline are already FDA-approved and some are currently in clinical trials to treat neurodegenerative diseases where inflammation is prominent (46, 47) . Future experiments will be needed to examine the efficacy of these drugs after combined injury and their ability to prevent long-term memory impairment.
